Recently, a mixture of medetomidine, midazolam and butorphanol (MMB) has been used as an injectable general anesthetic agent for laboratory animals. The purpose of this study was to establish data to encourage practical usage of MMB, and to clarify the effects of MMB on the respiratory function in rats. To compare the anesthetic efficacy between the injection routes, the anesthetic effects of MMB by subcutaneous (s.c.) or intraperitoneal (i.p.) injection were evaluated in rats. To assess the respiratory function, the blood gas parameters and electrolytes were assessed in serial venous blood samples collected from before s.c. injection of MMB to 270 min after the injection. Recovery from anesthesia and the respiratory changes after atipamezole injection at 30 min after MMB injection was also examined. Subcutaneous injection of MMB was associated with more rapid induction and a longer duration of anesthesia as compared to i.p. injection. The blood gas analysis findings showed MMB had effects on respiratory function, that is, elevations of the partial pressures of carbon dioxide and bicarbonate and reduction of the blood pH. Atipamezole injection resulted in recovery from the MMB-induced anesthetic effect as well as respiratory depression. In conclusion, MMB provides more effective anesthesia administered by s.c. injection compared to i.p. injection and induces respiratory change. These changes were counteracted by atipamezole. Therefore, we recommend MMB administered by s.c. injection for anesthesia, followed by injection of atipamezole after the operative procedure to allow recovery.
Inhalational anesthetics are recommended for general anesthesia in animals, because regulation of the anesthetic depth is easy with their use [25] . However, an injectable anesthetic agent is often applied when a large number of animals need to be anesthetized at the same time or a mask for inhalation cannot be used, e.g., in cases requiring surgery of the head and neck region. Injectable anesthetics for inducing general anesthesia commonly consist of a combination of more than two drugs, including a sedative, analgesic and a muscle relaxant. In recent years, the general anesthetic consisting of the combination of medetomidine, midazolam and butorphanol (MMB) has been used in Japan [8] . The use of an injectable agent for inducing general anesthesia entails difficulty in controlling the anesthetic depth and duration, but MMB anesthesia has the advantage that its effects can be rapidly reversed by the injection of atipamezole [10, 11, [13] [14] [15] . Use of MMB for inducing general anesthesia has not become widespread in other countries, where ketamine/xylazine and isoflurane are commonly applied; therefore, experimental data regarding MMB anesthesia are still limited. Differences in the anesthetic effects of MMB depending on the injection route are not still clear, even though several studies have been conducted in rodents [6, 10, 15] .
To understand the underlying physiological changes is important while selecting an anesthetic agent. General anesthesia, including that induced by MMB, is often associated with depressions of respiration and circulation, and reduction of the general motor activity, neuronal activity and body temperature. In addition, MMB anesthesia causes inhibition of insulin secretion from the islet cells of the pancreas [12] , and has been reported to induce hyperglycemia in mice [14] , rats [15, 22] and hamsters [13] . doi: 10.1292/jvms. In this study, we focused on the effect of MMB anesthesia on the respiratory function, because this aspect remains unclear, especially in small rodents. Respiratory function during anesthesia is assessed by measuring the respiratory rate, blood oxygen saturation, respirometry and capnometry in human and animals; although the latter two methods are not commonly used in rodents. Conflicting results have been reported on the influence of MMB anesthesia on the respiratory rate in rodents [1, 10, 11, 23] . Blood oxygen saturation is measured by pulse oximetry or blood gas analysis. Although MMB anesthesia was found to be associated with a decrease of the blood oxygen saturation measured with a pulse oximeter (SpO 2 ) in mice [10, 23] and rats [11] , accurate SpO 2 measurement is difficult in animals under general anesthesia, because of the difficulty in detecting the arterial pulse under the condition of poor tissue perfusion [4] . Blood gas analysis is a useful method to evaluate the respiratory function, and the influences of numerous anesthetic agents on the results of blood gas analysis have been reported [21, 26, 27] . The effect of MMB on the respiratory function monitored by blood gas analysis has been reported in dogs [16] , but not yet in rodents.
One of the purposes of this study was to examine the differences in the anesthetic effect of MMB depending on the injection route, to establish data for practical usage of MMB anesthesia in rats. Another was to perform venous blood gas analysis to evaluate the effect of MMB anesthesia on the respiratory function; furthermore, recovery from the anesthesia induced by atipamezole was elucidated by the anesthetic depth and blood gas analysis.
MATERIALS AND METHODS

Animals, housing conditions and ethics statement
Thirty four male Sprague-Dawley rats (Crl:CD(SD)) were purchased from a commercial breeder (Charles River Laboratories Japan, Inc., Yokohama, Japan). These rats were housed individually in a rat TPX single cage (Tokiwa Kagaku Kikai Co., Ltd., Tokyo, Japan) or in groups of 2 or 3 in Ekon cages (CLEA Japan, Inc., Tokyo, Japan) containing a bedding material (white-flakes, Oriental Yeast Co., Ltd., Tokyo, Japan) and environmental enrichment (rat retreats, Bio-Serv, Flemington, NJ, USA). Commercially available rodent food (MF, Oriental Yeast Co., Ltd.) and water were provided to the animals ad libitum. The cages, bedding material and environmental enrichment were changed once a week and the water bottles were changed three times a week. The animal room was maintained at a temperature of 20 to 26°C and relative humidity of 30 to 70%. Lights were switched on at 7:15 am and switched off at 19:15 pm (12/12 hr cycle). The rats were acclimatized to the housing conditions and husbandry procedures for at least a week prior to the start of the experiments and provided for the experiments at 8 weeks of age.
The animal housing and experimental procedures and protocols were approved by the Institutional Animal Care and Use Committee at Taisho Pharmaceutical Co., Ltd.
Drugs and their preparations
Medetomidine hydrochloride (Dorbene ® , Kyoritsuseiyaku Corp., Tokyo, Japan), midazolam (Dormicum ® , Astellas Pharma Inc., Tokyo, Japan), butorphanol (Vetorphale ® , Meiji Seika Pharma Co., Ltd., Tokyo, Japan) and sodium pentobarbital (Somnopentyl ® , Kyoritsuseiyaku Corp.) were used as the anesthetic agents. Atipamezole (Antisedan ® , Nippon Zenyaku Kogyo Co., Ltd., Fukushima, Japan) was used as an antagonist of medetomidine.
Medetomidine, midazolam and butorphanol were mixed and diluted with saline (Otsuka Normal Saline ® , Otsuka Pharmaceutical Factory, Inc., Tokushima, Japan) to concentrations of 0.03, 0.4 and 0.5 mg/ml, respectively [11] . Pentobarbital was diluted with saline to a concentration of 10 mg/ml. Atipamezole was diluted with saline to concentrations of 0.03 and 0.15 mg/ml. The anesthetics and atipamezole were administered at the dosing volume of 5 ml/kg. In the case of need for additional anesthesia, the respective anesthetic agents were administered at the dose volume of 1 ml/kg until complete anesthesia was induced (up to an anesthesia score of 5, as described below).
Experimental procedures
Experiment 1: Comparison of the anesthetic effects of MMB and pentobarbital administered by s.c. or i.p. injection. Fourteen rats were used for Experiment 1. In the first experiment, MMB was administered at 0.15, 2 and 2.5 mg/kg of medetomidine, midazolam and butorphanol, respectively, by s.c. (n=7) or i.p. (n=7) injection. In the second experiment, all 14 rats received pentobarbital at a dose of 50 mg/kg by i.p. injection 2 weeks after the first MMB experiment. The induction time, anesthesia duration and necessity for additional anesthesia were compared between the animals given s.c. and i.p. injections of MMB or between those given i.p. injections of MMB and pentobarbital. The animals were not heated up by heat mat or heat board during experiments.
Experiment 2: Effects of MMB administered by s.c. injection on the physiological functions and recovery from anesthesia by atipamezole. Twenty rats were used for Experiment 2. The rats were assigned at random to 4 experimental groups consisting of 5 animals each. The animals in the control group were given saline by s.c. injection. Another 15 animals were given MMB by s.c. injection at the same dose as in Experiment 1, and 30 min thereafter, received atipamezole by s.c. injection at the dose of 0.15 mg/ kg (low ATI group) or 0.75 mg/kg (high ATI group) for reversal of anesthesia, or did not receive any atipamezole (MMB group). The recovery time, rectal temperature, venous blood gas parameters and blood electrolyte levels were measured. The animals were not heated up by heat mat or heat board during experiments.
Evaluation of the anesthetic effects
The depth of anesthesia was confirmed by examination of 5 reflexes [11] . Briefly stated, the tail pinch reflex and pedal doi: 10.1292/jvms. withdrawal reflex of a forelimb and hindlimb were evaluated using blunt forceps to pinch the proximal tail and the interdigital web of the limbs lightly. The corneal or eyelid reflex was evaluated by blowing air on the eyes using a pipette. The righting reflex was evaluated by turning the rat on its back and any attempt of the animal to right itself from the dorsal to the sternal recumbency position was judged as a positive reflex response. Each reflex was scored as 0 or 1, depending on whether any motor response or reactive movement was observed or not. An anesthesia score was assigned to each animal (from 0 to 5): 0 meant arousal, and 4 or more was defined as surgical anesthesia [9] . The anesthesia score was evaluated at 5-min intervals after the injection of the anesthetic agents or at 1-min intervals after the injection of atipamezole until arousal. The time until the score reached 4 or more was defined as the induction time. The duration of surgical anesthesia was defined as the anesthesia duration. The time until the score returned to 0 after injection of atipamezole was defined as the recovery time.
Evaluation of the rectal temperature, venous blood gases, electrolytes and other parameters
Rectal temperature was measured with a digital thermometer (TD-300, Shibaura Electronics Co., Ltd., Saitama, Japan) every 5 min after the injection of MMB, or every 30 min under arousal. The probe was inserted up to about 3 cm from the anus.
Venous blood samples (0.2 ml) were collected from the external jugular vein before administration of MMB, and 20, 70 and 270 min after injection of the anesthetic agent. The samples were analyzed immediately using a portable blood gas analyzer (i-STAT ® , Abbott Japan, Tokyo, Japan) with cartridges (CG8+, Abbott Japan) for measuring and calculating the hydrogen potential (pH), venous carbon dioxide partial pressure (PvCO 2 ), venous oxygen partial pressure (PvO 2 ), base excess (BE), bicarbonate ion (HCO 3 ), total carbon dioxide (TCO 2 ), venous oxygen saturation (SvO 2 ), sodium (Na), potassium (K), ionized calcium (iCa), glucose (Glu), and hemoglobin (Hgb) concentrations, and the hematocrit (Hct). Because PvCO 2 and pH were measured at 37°C in the i-STAT ® system, they were corrected with the rectal temperature as follows [2] .
Corrected pH (pH t ) = measured pH + 0.0147 × (37-rectal temperature) Corrected PvCO 2 (PvCO 2 t ) = measured PCO 2 × 10 ^ 0.019 (rectal temperature -37)
Statistical analysis
Statistical analysis was performed using EXSUS ver. 7.7.1 (CAC Croit Corp., Tokyo, Japan). Statistical significances of differences between two groups were analyzed for homogeneity of variance by the F-test, followed by Student's t-test when the variance was homogeneous or Welch's t-test when the variance was heterogeneous. Statistical significances of differences in the rectal temperature (30, 60, 90, 120, 150, 180, 210, 240 and 270 min), venous blood gases and other parameters (20, 70 and 270 min) were analyzed by repeated measures analysis of variance (ANOVA). In case of significant differences in interaction of group and time or even only between groups, Tukey's test were performed at each time point. Data were expressed as means ± standard deviation (SD) and the P value for statistical significance was set at 0.05.
RESULTS
There was no mortality in any of the experiments, and all the rats recovered from anesthesia.
Experiment 1: Comparison of the anesthetic effects of MMB and pentobarbital administered by s.c. or i.p. injection
Anesthesia score. Following s.c. injection of MMB, the rats immediately lost their reflexes and reached the surgical anesthesia state by 5 min and were completely anesthetized by 10 min after the injection, without the need for any additional anesthesia ( Fig. 1 ). On the other hand, since 5 of 7 rats administered MMB by i.p. injection failed to be anesthetized completely, these 5 animals needed additional anesthesia at 10 min after the first injection (Table 1 ). Furthermore, one of them needed another additional anesthesia once again at 25 min, and finally, all the i.p.-injected rats became completely anesthetized by 30 min after the first injection. Following i.p. injection of pentobarbital, 5 of 14 rats failed to be anesthetized completely, 3 of them needed additional anesthesia, of which 2 required it twice. All the rats given pentobarbital by i.p. injection reached the anesthesia score of 5 at once, however, 6 of the 14 animals recovered their reflexes immediately, although some of these animals reached the anesthesia score of 5 again. Induction time. The anesthesia induction time after s.c. injection of MMB (5.0 ± 0.0 min) was significantly shorter than that after i.p. injection (13.6 ± 3.8 min), and the anesthesia induction time after i.p. injection of pentobarbital (10.0 ± 3.4 min) was significantly shorter than that after i.p. injection of MMB ( Table 1) .
Anesthesia duration. The duration of anesthesia after s.c. injection of MMB (135.7 ± 21.7 min) was significantly longer than that after i.p. injection (69.3 ± 14.0 min), and that after i.p. injection of pentobarbital (37.9 ± 18.7 min) was significantly shorter than that after i.p. injection of MMB (Table 1 ).
Experiment 2: Effects of MMB administered by s.c. injection on the physiological functions and recovery from anesthesia by atipamezole
Recovery time from MMB anesthesia. Following atipamezole injection at 30 min after the MMB injection, all rats, at either dose of atipamezole, showed a gradual decrease of the anesthesia score. The high ATI group showed more effective reversal from the MMB anesthesia than the low ATI group, and the recovery time in the high ATI group (5.8 ± 1.9 min) was significantly shorter than that in the low ATI group (14.2 ± 5.0 min) ( Fig. 2 ). Furthermore, in the low ATI group, the sedation persisted even after the anesthesia score returned to 0, whereas the animals of the high ATI group became more stable and conscious than those of the low ATI group after the anesthesia score returned to 0 (data not shown).
Effects on the rectal temperature. In all the rats that received MMB, the rectal temperature began to fall immediately after the injection (Fig. 3 ). Repeated measures ANOVA showed a significant difference in interaction of group and time. Tukey's test indicated that significant declines of the rectal temperature in the MMB, low ATI and high ATI groups compared to the control group continued from 30 to 270, 210 and 120 min, respectively, and by that time the anesthesia score had already returned to 0 in all the groups. When atipamezole was injected at 30 min after MMB, the rectal temperature began to recover. The rectal temperatures in the low ATI and high ATI groups were significantly higher as compared to those in the MMB group from 90 to 270 min and from 60 to 270 min after the MMB injection, respectively. The rectal temperature in the high ATI group was higher than that in the low ATI group from 60 to 210 min, except at 150 min.
Effect on the venous blood gases, electrolytes and other parameters. The mean venous blood gases, pH, electrolytes and biochemical parameters are summarized in Table 2 . In the course of the experiments, the blood gases in one rat of the control group at all the sampling points and another rat of the low ATI group at 70 min could not be measured due to errors in the portable blood gas analyzer. In pH t , PvCO 2 t , PvO 2 , TCO 2 , K, iCa, Glu, Hct, and Hgb, repeated measures ANOVA showed a significant difference in interaction of group and time. In BE, HCO 3 and Na, repeated measures ANOVA showed a significant difference between groups, but not in interaction of group and time. Tukey's test about those parameters were performed at each time point. In SvO 2 , no significant difference in interaction of group and time and between groups was observed by repeated measures ANOVA, then subsequent analysis was not performed. pH t : Significant declines as compared to the control group were observed in the MMB and high ATI groups from 20 to 70 min after the MMB injection, and in the low ATI group at 20 min. The blood pH t in the low ATI and high ATI groups was higher than that in the MMB group at 70 min. PvCO 2 t : Significant elevations as compared to the control group were observed in the MMB group from 20 to 270 min after the MMB injection, and in the low ATI and high ATI groups, from 20 to 70 min after the MMB injection. The PvCO 2 t values in the low ATI and high ATI groups were lower than that in the MMB group at 70 min.
PvO 2 : Significant elevation as compared to the control group was observed in the MMB group at 70 min after the MMB injection. On the other hand, as compared to the MMB group, significant decreases were observed in the low ATI and high ATI groups at 70 min. HCO 3 : Significant elevations compared to the control group were observed in the MMB group from 20 to 270 min after the MMB injection, and the low ATI and high ATI groups from 20 to 70 min. SvO 2 : Although a tendency towards transient declines of the SvO 2 were observed in MMB administered groups at 20 min, these changes were not statistically significant.
Glu: A significant elevation compared to the control group was observed in the MMB group from 70 to 270 min after the MMB injection. Significant elevation in the MMB group as compared to the low ATI group was observed at 70 min, and as compared to the high ATI group was observed at 70 and 270 min.
Other parameters: In the MMB group, significant elevations as compared to the control group were observed in the K at 20 min, in the TCO 2 and iCa from 20 to 270 min, Na at 70 and 270 min, and in the Hct and Hgb at 270 min. No significant alteration of the BE was seen in the MMB group. The changes of the TCO 2 , Na, K and iCa in the low ATI and high ATI groups were similar to those in the MMB group. No significant alteration of the Hct or Hgb were seen in the low ATI and high ATI groups as compared to control group.
DISCUSSION
We found different anesthetic efficacies of MMB between s.c. and i.p. injections, and showed that MMB administered by s.c. injection induced rapid surgical anesthesia and a longer duration of anesthesia than MMB administered by i.p. injection in rats. The elevation of PvCO 2 and decline of the venous blood pH were suggestive of respiratory depression in MMB anesthesia. Furthermore, hyperglycemia and a tendency towards hemoconcentration were also observed. Atipamezole rapidly reversed the MMB-induced anesthesia, and minimized the aforementioned physiological alterations induced by MMB.
The present study clearly showed that MMB administered by s.c. injection exerted a more rapid, complete and stable anesthetic effect as compared to MMB administered by i.p. injection. MMB administered by s.c. injection for induction of anesthesia is recommended from some studies in rodents [10, 15] , however, the difference in the duration of anesthesia between the two injection routes has not yet been clarified. In mice, MMB administered by s.c. injection tended to be associated with an extended duration of anesthesia as compared to MMB administered by i.p. injection [10] , and MMB administered by i.p. injection did not consistently induce surgical anesthesia in all of the mice studied [6] . In rats, the difference in the duration of anesthesia depending on the injection route of MMB has not yet been demonstrated. In this study, a single s.c. injection of MMB induced surgical anesthesia within 5 min after the injection, and the surgical anesthesia was sustained for 136 min, which was approximately twice as long as that induced by i.p. injection of MMB. On the other hand, a single i.p. injection of MMB failed to produce surgical anesthesia in approximately 70% of the animals, in the absence of additional injection. One of the reasons for the different anesthetic effect observed between s.c. and i.p. injections of MMB could be the differences in the metabolic pathways between the two routes of injection; some drugs administered by i.p. injection are absorbed into the portal system and subjected to the hepatic first-pass effect [5] . Another reason is a possibility of loss the agent into gastrointestinal tract [5] . Misinjection is a consistent limitation of i.p. injection, the rate of misinjection is reported from 6 to 20% [28] . In this study, additional injection was needed for some animals with i.p. injection of both MMB and pentobarbital, but not needed for ones with s.c. injection. In the aspects of both anesthesia effects and animal welfare, s.c. injection seems to be preferred for injection route of MMB. Blood gas analysis was used to assess respiratory depression under MMB anesthesia in this study, because poor tissue perfusion does not affect the results of blood gas analysis. The results of our analysis showed that MMB anesthesia produced respiratory depression. Contradictory reports have been published on the effects of MMB anesthesia on respiration. It has been reported, based on counting of the chest or abdominal wall movements, that MMB reduces the respiratory rate [23] , however, assessment by pulse oximetry failed to reveal significant effect on respiratory rate [10, 11] . While decline of SpO 2 was observed in all of these studies, the reported magnitude of decline of SpO 2 varies in the range of 10% to 30%. Pulse oximetry detects volumetric changes associated with pulsatile arterial blood flow to measure oxygen saturation. Arterial pulse is difficult to detect under poor tissue perfusion conditions [4] , and medetomidine is known to produce peripheral vasoconstriction [20] . Usually, arterial blood samples are obtained for blood gas analysis. However, venous blood gas analysis reflects the metabolic status of the tissues more accurately than arterial blood gas analysis [16, 24] , therefore, we decided to evaluate the respiratory function by venous blood gas analysis. The results of the venous blood gas analysis in this study revealed that MMB induces respiratory depression. Elevation of the PvCO 2 immediately after MMB injection indicated respiratory acidosis as a result of reduction of alveolar ventilation. Increase of the HCO 3 implied metabolic alkalosis in compensation for the acidosis. The blood pH reduced from 7.45 to 7.30 as a result of these changes. The present study indicated that MMB-induced respiratory depression is not severe because no significant changes were observed in the SvO 2 throughout the experiment despite these changes.
MMB induces several physiological changes. In this study, the rectal temperature dropped by approximately 8°C as compared to the pre-value after MMB administration in rats, the reduced temperature persisted continued even after the rats awakened from anesthesia. MMB seemed to cause hypothermia via causing CNS depression and via muscle relaxation induced by medetomidine [20] , predominantly through the α 2A -adrenoceptor [7] . Cutaneous heat loss is large, especially in small animals, due to the large body surface area. It is necessary to prevent body heat loss and carefully ensure that small animals are kept warm when under MMB anesthesia. Medetomidine increases the blood glucose concentration transiently by inhibiting insulin secretion from the pancreatic islets [12] , and MMB has been reported to induce hyperglycemia in laboratory animals [13] [14] [15] 22] . Hyperglycemia associated with MMB anesthesia has been attributed to the actions of medetomidine. In this study, significant increase of the blood glucose, by approximately 140% of the pre-value, was observed after recovery from the anesthesia; this increase was slighter than that reported previously [13] [14] [15] . Ionization of calcium increases under an acid environment [3] , and the increase in the iCa concentration in the present study could have resulted from balancing of the ionization/protein binding ratio of calcium. The iCa ratio increased with decrease of the protein binding ratio under the low blood pH environment. Blood Na, Hct and Hgb concentrations increased with time after the MMB injection and these changes were thought to be a result of hemoconcentration, secondary to dehydration following diuresis. Medetomidine exerts a diuretic effect via increasing the plasma natriuretic peptide concentration [18] and inhibiting antidiuretic hormone release in rats [17] . The fact that the animals could not drink sufficient water during the experiment could also have contributed to the hemoconcentration.
Atipamezole induced recovery, not only from the anesthetic effect, but also from the respiratory depression, hypothermia and hyperglycemia; in addition, it also induced some improvement in the hemoconcentration induced by MMB in this study. Atipamezole is an α 2 -adrenergic antagonist with high selectivity and is known to counteract the anesthetic effect of MMB. Recovery from the anesthetic effect and hypothermia was dose-dependent, and after a low dose of atipamezole, that is, the same dose as medetomidine, the sedation persisted, even after all the reflexes recovered. Therefore, administration of atipamezole at the same dose as medetomidine is not sufficient to induce recovery from MMB anesthesia. One of the reasons why atipamezole can counteract MMB-induced anesthesia is that MMB exerts its anesthetic effect mainly through the α 2 -adrenoceptor; moreover, midazolam exerts a significant synergistic action with dexmedetomidine, an α 2 -adrenergic agonist [19] . Furthermore, it has been reported that atipamezole can also counteract the anesthetic effect of the combination of medetomidine, butorphanol and alfaxalone, a neurosteroid anesthetic, as well as it can counter the anesthetic effect of MMB [6] .
The recommended protocol for anesthesia is to induce sufficient anesthesia for the operation and then recover from anesthesia immediately after the end of the procedure. We recommend MMB anesthesia by s.c. injection to perform the operation, and counteracted the anesthetic effect by injection of atipamezole immediately after the procedure; this recommendation is based on our present study showing that MMB administration by s.c. injection induced more effective anesthesia than that by i.p injection. We also demonstrated by blood gas analysis, that MMB induced respiratory depression in the rats. While atipamezole injection is known to counteract the anesthetic effect of MMB, it also counteracts the respiratory changes induced by MMB.
